Phosphatidylserine (PS)-containing liposomes (PSLs) strongly inhibit inflammatory bone loss in adjuvant arthritic (AA) rats. This effect was attributed to the inhibition of osteoclastogenesis through the secretion of prostaglandin E 2 and transforming growth factor-b1 by osteoclast precursors after the phagocytosis of PSLs. However, infiltrated macrophages are considered to secrete anti-inflammatory mediators after phagocytosis of PSLs, which also contribute to inhibiting osteoclastogenesis. In the present study, we have attempted to elucidate the effects of PSLs on the phenotype of infiltrated macrophages during inflammatory bone loss. In AA rats, the ankle joints swelled with the infiltration of both macrophages and helper T cells into the synovium after a complete Freund's adjuvant injection. In the ankle joints of AA rats, approximately half of the infiltrated macrophages underwent a phenotypic change from interleukin (IL)-1b-producing to IL-10-producing cells after the phagocytosis of PSLs. In lipopolysaccharide (LPS)-stimulated macrophages, PSLs also significantly decreased IL-1b production, but increased IL-10 production. Moreover, PSLs inhibited the rapid activation of p38 mitogen-activated protein kinases (MAPK) and nuclear factor (NF)-kB, but enhanced the delayed activation of extracellular signal-regulated kinase (ERK) in LPS-stimulated macrophages. PSL-induced different influence on the activities of p38 MAPK and ERK is a likely underlying mechanism for phenotypic change of infiltrated macrophages after the phagocytosis of PSLs. This phenotypic change may be responsible for a significant decrease in the mean mRNA level of the receptor activator of NF-kB (RANK) and the RANK ligand (RANKL) in the ankle joint of PSL-treated AA rats, resulting in the inhibition of inflammatory bone loss.
Accumulating evidence shows that exposure to phosphatidylserine (PS) has a central role in the recognition and phagocytosis of apoptotic cells by phagocytes. [5] [6] [7] PS-dependent phagocytosis of apoptotic cells is believed to trigger the secretion of anti-inflammatory cytokines and restrains that of pro-inflammatory cytokines from macrophages 8, 9 and dendritic cells. 10, 11 Recently, we and others have found that PS-containing liposomes (PSLs) mimic apoptotic cells to promote the secretion of anti-inflammatory mediators, including transforming growth factor-b1(TGF-b1) and prostaglandin E 2 (PGE 2 ) by macrophages, microglia and myeloid dendritic cells in vitro. [12] [13] [14] Furthermore, PSLs can promote the resolution of inflammation in vivo. 2, 15, 16 More recently, we have demonstrated that a strong inhibitory effect on the inflammatory bone loss of PSLs is attributable to the inhibition of osteoclastogenesis through the secretion of both PGE 2 and TGF-b1 by osteoclast precursors after phagocytosis of PSLs. 17 However, it is also reasonable that infiltrated macrophages can undergo a phenotypic change from pro-to anti-inflammatory cells after phagocytosis of PSLs. This phenotypic change likely has important consequences on inflammatory bone loss, because pro-inflammatory cytokines are strong inducers of the receptor activator of nuclear factor-kB (NF-kB) ligand (RANKL) and RANK, which have essential roles in differentiation and the activity of osteoclasts. 18 Among pro-inflammatory cytokines, interleukin (IL)-1b is a master regulator of inflammation and inflammatory bone loss, because it can induce other pro-inflammatory cytokines. 19, 20 Recently, much attention has been paid to IL-17 as a crucial cytokine for inflammatory osteoclastic bone loss because of its marked induction of RANKL. 21 Indeed, high levels of IL-1b and IL-17 are found in the plasma and synovial tissues of rheumatoid arthritis (RA) patients, and combined blockade of IL-1b and IL-17 receptors significantly inhibited the rheumatoid arthritic osteoporosis. 22 Among anti-inflammatory mediators, including TGF-b1 and PGE 2 , IL-10 is known as the strongest feedback mediator of inflammatory bone loss. 23, 24 The paw volume increase of adjuvant arthritic (AA) rat, an animal model of RA, [25] [26] [27] occurs in two stages: namely an acute inflammation stage from 10 to 21 days after complete Freund's adjuvant (CFA) injection, and the chronic bone/ joint destruction stage thereafter. Therefore, in our previous study, to examine the direct effect of PSLs on osteoclastogenesis, the treatment of PSLs was started prior to the formation of osteoclasts in AA rats (14 days after CFA injection). 17 However, it is not clear whether PSLs can directly influence the infiltration of macrophages and T cells. Therefore, in this study, to elucidate the direct effect of PSLs on the infiltration of macrophages and T cells, the PSLs treatment was initiated at the beginning of their infiltration in the ankle joints (10 days after CFA injection). We attempted to elucidate the effects of PSLs on the phenotype of infiltrated macrophages and T cells in the skeletal tissues of ankle joints of AA rats. We have herein demonstrated that infiltrated macrophages, but not T cells, underwent a phenotypic change from IL-1b-producing to IL-10-producing cells. This PSL-induced cell-specific phenotypic change of infiltrated macrophages also contributes to the inhibition of AA-induced trabecular bone loss through the inhibition of RANKL/RANK expression and the subsequent osteoclastogenesis.
MATERIALS AND METHODS Reagents
Dulbecco's Modified Eagle Medium (DMEM) was purchased from Sigma (Saint Louis, MI, USA). Fetal bovine serum was obtained from Bio Whittaker (Walkersville, MD, USA). PS, phosphaidylcholine (PC), 4-nitrobenz-2-oxa-1, 3-diazole (NBD)-labeled PS and NBD-labeled PC were obtained from Avanti Polar Lipids (Alabaster, AL, USA). The mouse monoclonal anti-ED1 antibody was from BMA (Augest, Switzerland); goat polyclonal anti-IL-10, anti-IL-1b, anti-RANKL, anti-RANK, rabbit polyclonal anti-IL-17, antip-IkBa and mouse monoclonal anti-NF-kB antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-p38, anti-p-p38, anti-extracellular signal-regulated kinase (anti-ERK) and anti-p-ERK antibodies were from Cell Signaling Technology (Beverly, MA, USA). Heat-inactivated Mycobacterium butyricum and mineral oil were purchased from Difco (Detroit, ML, USA), and thioglycolate was obtained from Nissui (Tokyo, Japan).
Liposomes
PSLs consisted of PC and PS at a molar ratio of 7:3, and PC liposomes (PCLs) consisted of PC only. PSLs and PCLs were prepared as described previously. 13 In some experiments, NBD-labeled PS and PC were used to prepare NBD-labeled PSLs and PCLs, respectively.
Systemic PSLs Treatment for AA Rats and Samples Preparations
Female Lewis rats (5 weeks of age, n ¼ 108) were used for the in vivo experiments. The animals (n ¼ 81) were intradermally injected with CFA (1.5 mg heat-killed M. butyricum suspended in 0.15 ml mineral oil) at the base of the tail to induce adjuvant arthritis (AA) as described previously. [28] [29] [30] Rats injected with mineral oil alone were termed sham rats (n ¼ 27). We intramuscularly injected PSLs (5 mg/kg/day, PSL-treated AA rats, n ¼ 27) or PCLs (5 mg/kg/day, PCLtreated AA rats, n ¼ 27) into the hind limbs from day 10 after CFA injection, when clinical symptoms, such as redness and swelling, were detected in the ankle joints. 28, 29 AA rats intramuscularly injected with phosphate-buffered saline (PBS) used as a control (n ¼ 27). Rats were anesthetized with sodium pentobarbital (30 mg/kg, i.p.) at day 4, 11 or 18 after the treatment of PSLs or PCLs. After obtaining the blood samples, the rats (n ¼ 3 at each time point) were intracardially perfused with PBS, the ankle joints were removed and stored at À801C for the real-time PCR analyses. The other animals were intracardially perfused with 2% paraformaldehyde (PFA) (n ¼ 6 at each time point) and the ankle joints were removed and immersed in the same fixative for 12 h at 41C. After the mCT analyses, samples were decalcified in 10% EDTA for additional 3 weeks. After immersion in 30% sucrose in PBS for 2 days, samples were embedded in an optimal cutting temperature compound (Sakura Finetechnical, Tokyo, Japan). Serial coronal frozen sections (10 mm) were prepared for the histological and immunohistochemical analyses as described previously. 26 
Preparation of Peripheral Blood Monocytes
The rats were anesthetized with sodium pentobarbital (30 mg/kg, i.p.) at day 4 after treatment with PSLs. The peripheral blood (PB) was collected from the inferior vena cava of rats, and supplemented with novo-heparin (5 units/ml, Mochida Pharmaceutical, Tokyo, Japan). PB was carefully layered onto HISTOPAQUE 1083 (Sigma, MO, USA) and then centrifuged at 400 g for 30 min at 241C. The mononuclear cell layer was taken out carefully after transferring the opaque interface, then centrifuged at 250 g for 10 min with PBS. Suspended cells in DMEM were incubated at 371C in a 5% CO 2 atmosphere for 3 h. The purity of 
Real-Time Quantitative RT-PCR Analysis
Ankle joint tissues were obtained after the skin was removed. The total RNA from ankle join tissue and PB monocytes was extracted with the RNeasy Lipid Tissue Midi kit (QIAGEN, Germany), According to the manufacturer's instructions. A total of 400 ng of extracted total RNA was reverse transcribed to cDNA using the PrimeScript RT reagent kit (Takara, Shiga, Japan). The thermal cycling was holding at 951C for 10 min, followed by 30-45 cycles of 951C for 15 s and 601C for 30 s. After the amplifying PCR reaction, the melting curve analysis was performed from 55 to 951C (0.51C/s). Real-time PCR was performed using the SYBR Premix Ex Taq lCT Analysis The ankle joints of sham, AA rats and the AA rats at day 18 after the treatment in each group (n ¼ 6) were examined using ScanXmate-E090S40 in vivo (Comscantecno, Kanazawa, Japan). Briefly, rat paws were scanned, the tibia, talus and calcaneus in the ankle joints were examined by three-dimensional surface rendering with a common threshold, and were optimized using histomorphometric techniques (GEMS MicroView). As the trabecular bone loss within the tibia and talus in the AA rats was too severe to quantify, calcaneuses were used for the bones qualitative analyses. The parameters of trabecular bone in each group were analyzed using TRI/3D-BON software program (Ratoc System Engineering, Tokyo, Japan).
Preparation of Peritoneal Macrophages
Rat peritoneal macrophages were collected with PBS 4 days after the injection of TGC (4.05 mg/kg, i.p.). The collected cells were washed twice with DMEM containing 4500 mg glucose/l, L-glutamine, NaHCO 3 and pyridoxine (Sigma, D5796) and plated on plastic tissue culture dishes (2 Â 10 6 cells). After incubation at 371C in a 5% CO 2 atmosphere for 3 h, the non-adherent cells were removed by washing the dishes three times with DMEM medium. The cell pattern was determined by cell morphology analysis with a light microscope. The total cells (95% macrophages) were incubated at 371C/5% CO 2 .
Western Blotting
The macrophages were stimulated by lipopolysaccharide (LPS) (10 ng/ml) and treated with PSLs (100 mM) at the same time. The PSL-treated or untreated macrophage extracts were prepared with cell lysis buffer as described previously. 13 A western blot analysis was performed with the following antibodies: rabbit polyclonal anti-p38 mitogen-activated protein kinase (p38 MAPK, 1:500 dilution), anti-p-p38 MAPK (1:500 dilution), anti-ERK (ERK1/2, 1:500 dilution) or anti-p-ERK1/2 (1:500 dilution). Bands were detected by the enhanced chemiluminescence detection system (ECL kit, Amersham Bioscience, Uppsala, Sweden) and quantified with an image analyzer FLA3000 (Fuji Photo Film, Tokyo, Japan). Values of p-p38 and p-ERK were normalized to total p38 and ERK values.
ELISA
The macrophages were activated by LPS (10 ng/ml) for 1 h, then treated with PSLs (100 mM) for another 3 h. Supernatants of the cultured cells were collected, and the release of IL-10 and IL-1b were measured using IL-10 and IL-1b ELISA kits (R&D, Minneapolis, MN, USA). The assay was performed according to the manufacturer's directions. The absorbence at 450 nm was performed using a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).
Immunohistochemistry and Histological Analysis
The sections of ankle joints from sham, AA and the PSLtreated AA rats were blocked with 10% normal donkey serum, and were incubated with goat anti-IL-10, anti-IL-1b, anti-IL-17, mouse anti-ED1 and anti-W3/25 antibodies for 18 h at 41C. After incubating with a biotinylated anti-goat or anti-rabbit or anti-mouse IgG (1:200, Jackson Immunoresearch Laboratory, West Grove, PA, USA) for 2 h at 241C, the sections were incubated with peroxidase-conjugated streptavidin (1:300, Dako, Japan, Kyoto, Japan) for 30 min at 241C. The peroxidase was developed using 3, 3 0 -diaminobenzidine (DAB substrate kit, Vector Laboratory, Burlingame, CA, USA), and Mayer's hematoxylin as a counterstain. The normal goat, mouse or rabbit antibodies, which were substituted for primary antibodies, were used as negative controls. The immunoreactive cells were counted under a light microscope using the Â 40 objective and Â 10 ocular lenses in three areas per section. Histological analyses were performed using hematoxylin-eosin (H-E) and tartrateresistant acid phosphatase (TRAP) staining (TRAP kit, Sigma-Aldrich).
Immunofluorescent Staining
To detect the cellular source of the cytokines in the ankle joints tissues, the sections were treated with 10% donkey serum for 1 h at 241C, and then were incubated with each primary antibody for 18 h at 41C. The primary antibodies were goat polyclonal anti-IL-10, anti-IL-1b, rabbit polyclonal anti-p-p38, anti-p-ERK and anti-p-IkBa mixed with mouse anti-ED1 or anti-W3/25 monoclonal antibodies. After washing with PBS, the sections were incubated with a mixture of FITC-conjugated and rhodamine-conjugated secondary antibodies for 1 h at 241C. After washing, the sections were mounted in the anti-fading medium Vectashield (Vector Laboratory). The phagocytosis of PSLs by monocytes/ macrophages in vivo and in vitro was also examined. In vivo, after 6 h of systemic treatment with NBD-labeled PSLs (5 mg/ kg) or NBD-labeled PCLs (5 mg/kg) in AA rats, the animals were intracardially perfused with 2% PFA, and the ankle joints were removed and immersed in the same fixative for 12 h at 41C. After immersing in 30% sucrose in PBS for 2 days, samples were embedded in an optimal cutting temperature compound (Sakura Finetechnical). Serial coronal frozen sections (10 mm) were prepared for immunohistochemistry. In vitro, NBD-labeled PSLs (100 mM) or NBD-labeled PCLs (100 mM) were applied to cultured peritoneal macrophages and PB monocytes on chamber slides (Nalge Nunc International, Rochester, NY, USA), and the cells were collected after 4 h. The cells were fixed with 2% PFA for 30 min at 241C. After incubation with 10% donkey serum, the samples were incubated with mouse anti-ED1 IgG (1:200) for 18 h at 41C. After washing with PBS, the slides were incubated with rhodamine-conjugated donkey antimouse IgG for 30 min at 241C. The slides were mounted with Vectashield (Vector Laboratory). The samples were examined with a confocal laser scanning microscope, LSM510MET (Carl Zeiss, Jena, Germany).
Statistical Analysis
All values are expressed as the mean±s.d. Significant differences between groups were determined with Student's t-test. Differences with P-values of o0.05 were considered to be statistically significant.
RESULTS
The Effects of PSLs on the Paw Swelling, Bone Destruction and Expression of RANKL/RANK in the Ankle Joints of AA Rats The paw volume increase of AA rats occurs in two stages: an acute inflammation stage from 10 to 21 days after CFA injection, and the chronic bone/joint destruction stage thereafter (Figure 1a) . The paw volume of AA rats did not return to the control levels (Figure 1a and c) . The CFAinduced clinical symptoms were similar to those in our previous studies. [27] [28] [29] To focus on the effects of PSLs on AAinduced inflammatory bone loss, systemic treatment with PSLs was begun 10 days after CFA injection, when the inflammation was established without bone destruction in the ankle joint. Treatment with PSLs for 18 days significantly reduced the paw volume and resulted in a marked increase in the synovial thickness of ankle joints in AA rats during the chronic stage, without any significant effect during the acute stage (Figure 1a-c; horizontal bars) . According to the threedimensional surface rendering mCT analysis, the bone in the ankle joint including the tibia, talus and calcaneus in AA rats was markedly destructed in comparison with the sham rats (Figure 1d ). The analysis of the parameters of trabecular bone was conducted in the calcaneus, because the trabecular bone losses within the tibia and talus in AA rats were too severe to quantify at 28 days after CFA injection. The mean trabecular bone volume per unit of metaphysis (BV/TV) was significantly decreased in AA rats to a similar degree as that observed in our previous experiments. 17 Furthermore, numerous TRAP-positive osteoclasts were found in the bone cavity of the distal epiphysis of the tibia of AA rats ( Figure  1e ). Treatment with PSLs significantly promoted the recovery of the AA-induced paw volume increase (Figure 1a and b) , the increase in the synovial thickness of ankle joints ( Figure  1c ; horizontal bars), bone destruction (Figure 1d ) and the increased number of TRAP-positive osteoclasts (Figure 1e ). However, PCLs had no effect on the paw volume of AA rats at any stage (Figure 1a) .
The expression of RANKL, RANK and OPG was then examined, because these molecules have essential roles in trabecular bone loss in AA rats. The mean mRNA levels of RANKL and RANK were significantly increased in AA rats in comparison to sham rats, and treatment with PSLs for 18 days significantly decreased the AA-induced increased mean mRNA levels of both RANKL and RANK in the ankle joints of AA rats (Figure 1f and g) . The mean mRNA level of OPG was unchanged after CFA injection, and PSLs had no effect on the expression of OPG of AA rats (Figure 1h ).
Effects of PSLs on the Pro-and Anti-inflammatory Cytokine Production by the Infiltrated Inflammatory Cells in the Ankle Joints of AA Rats At 6 h after intramuscular treatment, large granular aggregates of PSLs (white) were encircled by lysosomal membranes stained with the anti-ED1 antibody (gray) in the infiltrated macrophages in the synovium of ankle joints (Figure 2a) . Interestingly, treatment with PSLs significantly reduced the total numbers of either ED1 þ macrophages or W3/25 þ helper T cells, which are the major infiltrated cells that are involved in the pathological process of RA in AA rats, in the synovium of ankle joints of AA rats at the chronic stage, without affecting their infiltration at the acute stage (Figure 2b) .
The failure of PSLs to inhibit the infiltration of immune cells into the ankle joints of AA rats at the acute stage led us to examine the effects of PSLs on the phenotypic change of infiltrated macrophages and helper T cells. In comparison with sham rats, the mean mRNA expression levels of IL-10 and IL-1b significantly increased in AA rats from day 14 to 21 after CFA injection (Figure 2c and d) . However, IL-17, a major cytokine secreted by helper T cells, was also induced in the ankle joints of AA rats at 21 days after CFA injection (Figure 2e ). Systemic treatment with PSLs was begun from day 10 after CFA injection. It was noted that treatment with PSLs for 4 and 11 days significantly increased the mean mRNA level of IL-10 ( Figure 2c ). On the other hand, PSLs significantly decreased the mean mRNA levels of IL-1b and IL-17 in the ankle joints of AA rats over same periods (Figure 2d and e) .
According to the immunochemical analyses, the localization of the cytokines was determined in the synovium of ankle joints at the acute stage of AA rats (Figure 3) . The mean number of IL-10-positive cells significantly increased 11 days after treatment with PSLs (Figure 3a, b and g ). However, the mean numbers of IL-1b-positive cells and IL-17-positive cells in AA rats were significantly decreased (Figure 3c-f, h and i) . No immunoreactivity was observed when normal rabbit IgG, normal goat IgG or normal mouse IgG was substituted for the primary antibodies as negative controls (data not shown). Furthermore, immunoreactivity for both IL-1b and IL-10 was mainly found in ED1 þ macrophages (84 and 62%, respectively) and these cytokines were only partially expressed in W3/25 þ helper T cells (8 and 18%, respectively) in the synovium of ankle joints at the acute stage of AA rats. We observed the immunoreactivity for IL-1b and IL-10 in ED1 þ macrophages (43 and 86%, respectively) after treatment with PSLs ( Figure 3l ).
These observations strongly suggested that approximately half of infiltrated macrophages underwent phenotypic 
PSLs Triggered LPS-Activated Macrophages to Anti-inflammatory Phenotype through Regulating MAPKs and NF-jB Activity
To clarify the mechanisms underlying PSL-induced phenotypic change of macrophages infiltrated in the ankle joints of AA rats, the effect of PSLs on the secretion of IL-10 and IL-1b from LPS-stimulated macrophages was examined, because LPS is a key component of CFA that activates macrophages in AA rats. 31 Although the mean levels of IL-10 and IL-1b in the culture medium were relatively low in the none treated control macrophages, the mean levels were significantly increased after treatment with LPS (Figure 4a and b) . PSLs significantly increased the IL-10 levels, but significantly decreased the IL-1b levels in the culture medium of LPSactivated macrophages (Figure 4a and b) . These in vitro results were consistent with the observations from AA rats.
The effects of PSLs on the activation of p38 MAPK, ERK and NF-kB, which have key regulatory roles in the cytokine production, were next examined. Upon LPS stimulation, p38 MAPK was activated rapidly after 15-30 min. In contrast, ERK was activated slowly from 30 min and lasted up to 60 min (Figure 4c) . Furthermore, the numerous nuclear translocation of NF-kB was detected at 30 min after treatment with LPS. After treatment with PSLs, the mean level of p-p38 MAPK significantly decreased from 15 to 30 min (Figure 4c and d) . However, PSLs significantly increased the mean level of p-ERK from 30 to 60 min (Figure 4c and d) . Moreover, PSLs markedly inhibited the LPS-induced nuclear translocation of NF-kB (Figure 4e ). These observations indicated that PSLs inhibited the LPS-induced activation of p38 MAPK and NF-kB, but enhanced LPS-induced activation of ERK, thus resulting in the shift of the LPS-stimulated macrophages from IL-1b-producing pro-inflammatory cells into IL-10-producing anti-inflammatory cells.
The effects of PSLs on the production of both IL-10 and IL-1b by the PB monocytes of AA rats were further examined, because the PB monocytes are the sources of the macrophage infiltrating the synovium of ankle joints of AA rats. PSLs were phagocytosed by the ED1 þ PB monocytes of AA rats (Figure 5a ). The mean mRNA levels of both IL-10 and IL-1b in the PB monocytes of AA rats were markedly increased in comparison with that in sham rats (Figure 5b 
Student's t-test).
Suppression of bone loss by PS liposomes HM Ma et al and c). Treatment with PSLs significantly increased the mean expression level of IL-10, but significantly decreased that of IL-1b in the PB monocytes of AA rats (Figure 5b and c) . Finally, the effects of PSLs on the activation of p38 MAPK, ERK and IkBa in the infiltrated macrophages and T cells in the synovium were examined. In AA rats, 470% of the ED1 þ macrophages, as well as W3/25 þ helper T cells, expressed p-p38 (Figure 5d and e) , whereas only 30% of ED1 þ and W3/25 þ cells expressed p-ERK (Figure 5d and f) . Furthermore, approximately 60% of ED1 þ as well as W3/ 25 þ cells expressed p-IkBa (Figure 5d and g ). After treatment with PSLs, the mean percentage of p-p38-positive ED1 þ cells and p-IkBa-positive ED1 þ cells were significantly decreased (Figure 5d, e and g ). On the other hand, the mean percentage of p-ERK-positive ED1 þ cells was significantly increased (Figure 5d and f) . In contrast, the mean percentage of neither p-p38, p-ERK nor p-IkBa-positive W3/25 þ cells was significantly changed by treatment (Figure 5d-g ). These in vitro and in vivo results indicated that PSLs directly induced the cell-specific phenotypic changes of the macrophages that had infiltrated the ankle joints of AA rats, changing it from an inflammatory phenotype to an antiinflammatory phenotype.
DISCUSSION
The major finding of the current study was that PSLs inhibited the AA-induced trabecular bone loss partially through the phenotypic change of infiltrated macrophages from IL-1b-producing pro-inflammatory cells to IL-10-producing anti-inflammatory cells. To the best of our knowledge, this is the first report to address the effect of PSLs on the phenotypic change of macrophages that had infiltrated into the ankle joints of AA rats during inflammatory bone loss.
Pro-inflammatory cytokines produced by macrophages and helper T cells, the major infiltrated cells in the synovium of joints, have pivotal roles in the pathological process of RA. 30, 31 AA, an animal model of RA, is widely used for studies of both inflammation and bone loss, 18, 32 because AA rats show unique sequential pathological processes. In the acute stage, numerous macrophages and helper T cells infiltrate into the synovium, but bone loss is not detected. In the chronic stage, trabecular bone loss occurs, and the number of infiltrated macrophages and helper T cells declines. 26, 28 In this study, the expression levels of IL-1b and IL-17 were markedly elevated in the ankle joints during the acute stage in AA rats. It was also noted that the production of IL-1b increased prior to that of IL-17. This was consistent with the fact that IL-1b is essential for promoting Th17 cell differentiation and IL-17 production by the differentiated Th17 cells. 33 The expression level of IL-10 also significantly increased during the same period. Treatment with PSLs Treatment with PSLs significantly decreased the elevated levels of RANKL and RANK in AA rats, which occurred in parallel with a significant reduction of trabecular bone loss in AA rats. It is considerable that there are at least three possible mechanisms underlying PSL-induced down-regulation of RANKL/RANK in AA rats. First, PSLs decreased the expression levels of IL-1b and IL-17, which can promote the expression of RANKL. 38, 39 Second, PSL-induced IL-10, which strongly inhibited the expression of RANKL/RANK. 23, 37 Third, PSLs are phagocytosed by the osteoclast precursor to directly decrease the expression of RANK by osteoclast precursor and the production of RANKL in cultured rat bone marrow cells. 17 Therefore, it is considered that the inhibitory effect of PSLs on the trabecular bone loss in AA rats completely depends on the inhibition of the RANKL/RANK pathway. However, a possibility that decreased RANKL/ RANK expression may simply be due to the decrease in levels of inflammation cannot be totally ruled out.
LPS, one of constituents of CFA, can activate MAPKs and NF-kB. 40 The activity of MAPKs and NF-kB are involved in the regulation of cytokine production. [41] [42] [43] According to our experimental design, a low concentration of LPS induced the activation of p38 MAPK, ERK and NF-kB in macrophages resulted in the release of IL-1b and IL-10. It was noted that PSLs rapidly reduced LPS-induced activation of p38 MAPK, but enhanced LPS-induced activation of ERK. This is the first study to examine the effects of PSLs on LPS-induced MAPK activation. These observations are consistent with previous observations that PSLs induce ERK, but not p38 MAPK activity in primary cultured rat microglia 13 and macrophages. 44 Therefore, it is reasonable to consider that lysosomal proteolytic functions are involved in LPS-induced MAPKs activity following phagocytosis of PSLs. The inhibitory effects of PSLs on IL-1b secretion from LPS-activated macrophages may depend on the reduction of p38 MAPK activity, because p38 MAPK activity has crucial roles in the regulation of IL-1b biosynthesis 45 and p38 MAPK inhibitor blocks IL-1b production. 46 PSL-induced inhibition of NF-kB activity may be involved in the inhibition of IL-1b, because NF-kB activity is required for pro-inflammatory cytokine production, including IL-1b. 43 However, PSLinduced increase in IL-10 by LPS-stimulated macrophages may depend on ERK activity, because ERK activity leads to IL-10 production. 47, 48 Furthermore, PSLs inhibited the rapid activation of p38 MAPK and may result in the subsequent slow enhancement of ERK activity in LPS-stimulated macrophages, because p38 MAPK and ERK cross-regulate each other such as the inhibition of one enhances the activation of the other. 47, 49 Moreover, PSLs regulated the expression levels of IL-10 and IL-1b in the PB monocytes, the source of macrophage infiltrated in the ankle joints, and regulated the phosphorylation of p38, ERK and IkBa in the infiltrated macrophages in the synovium of the ankle joints of AA rats. Therefore, it is considered that systemic treatment with PSLs might have effect on both the circulating and infiltrated monocytes/macrophages. These in vitro and in vivo observations strongly suggest that PSL-induced inhibition of p38 MAPK and the subsequent enhancement of ERK is the most likely underlying mechanism for phenotypic change of the infiltrated macrophages.
In conclusion, this study shows that systemic treatment with PSLs inhibited AA-induced trabecular bone loss by provoking the phenotypic change of macrophages from IL-1b-producing to IL-10-producing cells, in the ankle joint of AA rats. This phenotypic change of infiltrated macrophages is caused by the PSL-induced inhibition of p38 MAPK activity and the subsequent enhancement of ERK activity. As PS is a competent of the cell membrane, PSLs may be potentially useful for achieving pharmacological intervention against inflammatory bone loss in RA and periodontitis without any apparent deleterious side effects.
